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¾]Ã −c ÓÛ½ÀYËÍÃ (θ, ϕ) ¾]Ã (pi−θ, ϕ+pi) ×wÄ¾]ÐÄÎ:½¾]ÉãÃ¾]ÉIÃÒÉ
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Ð6À1½½{ËÍÕÆ~¾:½·¾:½ÃM¿ÀYÉ¼Á¿Î1=¼ÉËoÐ/ÅEÄ
θ ∈ [0, pi/2]
¾]Ã
ϕ ∈ [0, 2pi] ﬀ
¤¾:½Ìy¾:Á]Ã¾]ÒÄ½¿¾	Õ/ÅY½¾¿3ÒÄ¾]Ðo»]Ä¾ÅEÃ{ÃÅYÁ¹¼Î#ÅEÒQ1ÄÅEËÍÉ {gR} ½ÀYÉãÃ¿ÀYÉÉ¼Î:½Ê¿¼ÅEÉ¼½ {R} Ð/ÅEÄþ
eθ = (cos θ cosϕ, cos θ sinϕ,− sin θ)T
eϕ = (− sinϕ, cosϕ, 0)T










¿3Ò31ÄÅEËÍÉ¾:½{Ã·¿ÀYÉÉ¼ÎÐ/ÅEÄ gc = (0, 0, 1)T
¿¼ÅEÉ¼½ {gR} y¾]Ã
Ð/ÅEÄ
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¿¾Ð/ÅY½½Åy¾¿3ÒÄ¾]Ðo»]Ä¾ {gR} ÅEÒÄ¾]Ðo»]Ä¾ {R} þ
R =

 cos θ cosϕ − sinϕ sin θ cosϕcos θ sinϕ cosϕ sin θ sinϕ
− sin θ 0 cos θ

 ﬀ Ó *ﬀ"!y×
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4γ − 1 − 1) tr(M 3.S)M
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4γ − 1 − 1) tr(M 3.S)
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4γ − 1 − 1) tr(M 3.S)
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¿¼ÅEÉ¼½ {R} ¾]Ã gv ¿¼ÅEÉ¼½ {gR} ﬀwýÂÀYÒ¼½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¾]É
v + dv
¿¼ÅEÉ¼½ {R} Ó gv + dgv ¿¼ÅEÉ¼½ {gR} ×·Ã¾]Æ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dv = L.v dt
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2 ϕ) +D22(1 + sin
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θ˙ = −λD13 cosϕ cos 2θ



































θ˙ = (1− λ cos 2θ)D13 cosϕ
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(◦) θ˙ = 0  (}) ϕ˙ = 0 
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L13 > 0
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(a) λ = 1
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f(c) dc = 1
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f(c) = 1 +
15
2
xa(2)y : (c⊗ c) + 315
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k1 = k2 = 0.9
ÓåÃ{ÄÅEËÍÃÁ:ÀYÉãÃ{ËÍÉIÒø¾]Ã)Ã{ÄÅEËÍÃ	Á:ÀYÉãÃ{ËÍÉIÒ¾]ÃÁVÅEÄ{ÄÎ ÚÆ~¾:½Á:ÀYÒÄ{Õo¾:½½ÀYÉãÃ
½{ÒÐo¾]Ä{ÐoÀ1½Î:¾:½G×1
k1 = k2 = 0.8
ÓåÐoÀYËÍÉãÃ{ËÍÆÍÆ~Î:½¾]Ã)ÐoÀYËÍÉãÃ{ËÍÆÍÆ~Î:½¾]Ã)Ã{Ä{ËèÅEÉ81Æ~¾:½G×1






k1 = k2 = 1.2
ÓåÃ{ÄÅEËÍÃ	Á:ÀYÉIÃ{ËÍÉãÒø¾]Ã)Ã{ÄÅEËÍÃ	Á:ÀYÉIÃ{ËÍÉãÒ¾]Ã
ÁVÅEÄ{ÄÎg×1
k1 = k2 = 1.4
ÓåÐoÀYËÍÉãÃ{ËÍÆÍÆ~Î:½Ê¾]ÃÐ6ÀYËÍÉIÃ{ËÍÆÍÆ~Î:½¾]ÃÃ{Ä{ËèÅEÉ81Æ~¾:½G×1
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0  0  0
0  0  0
0  0  1
(a)
0    0    0
0   1/2  0
0    0   1/2
(b)
1/3   0   0
 0   1/3  0
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33 = 1− oa(2)11 − oa(2)22
ﬀ
Ó !*ﬀ  y×





















































f(θ, ϕ) sinpθ sinqϕdθ dϕ
















































33 = 1− oa(2)11 − oa(2)22 = 1− 2oa(2)11 = 1− 2oa(2)22


















11 − 4oa(4){1122} = oa
(2)
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(δijδkl + δikδjl + δilδjk)
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a1111 = a2222 =
a3333 = 1/3
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ij δkl + a
(2)
ik δjl + a
(2)
il δjk + a
(2)
kl δij + a
(2)
jl δik + a
(2)
jk δil)
ﬀ Ó !*ﬀ"! I×
$M¾]Ã{Ã¾¾10ÂÐÄ¾:½½Ë~ÀYÉ¾:½{Ã¾10ÅYÁ]Ã¾½¾]ÒÆ~¾]ß¾]ÉãÃÊÐ6ÀYÒÄÒÉ¼¾D=ÅEÕÄ{Ë IÒ¼¾Ë~½ÀYÃ{ÄÀYÐo¾Iﬀ
+¿3ÌYÅEÉË¾]Ãö¸¤Ò¼ÁH4y¾]Ä   Ó8Ö#/. ,1×ÀYÉIÃÐÄÀYÐoÀ1½ÎÒÉ¼¾QD<¾]Ä{ß¾]Ã{ÒÄ¾¹ IÕÄ{Ë~¿¾%ãÒËÒÃ{ËÍÆÍË~½¾Æ~¾:½¿¾]Ò*0
D<¾]Ä{ß¾]Ã{ÒÄ¾:½ÐÄÎ:Á:Î:¿¾]ÉIÃ¾:½*þ
a(4) = (1− αf )aˆ(4) + αf a˜(4)  Ó !*ﬀ"!/$y×
À
αf = 3/2(a
(2) : a(2))− 1/2 ﬀ;$MÀYßß¾ αf = 1 Ð6ÀYÒÄ·ÒÉ¼¾!D<ÅEÕÄ{Ë IÒ¼¾!
 ÖßÅJ03ËÍßÒß ¾]Ã αf = 0








































(a1, a2) = ([0, 1], [0, 1])
ÅVÌy¾:Á
a3 = 1 − a1 − a2 > 0 ¿Î:Á]Ä{ËÍÃ
Æ=Ç_¾]É¼½¾]ßÕÆ~¾¿¾:½!D<ÅEÕÄ{Ë IÒ¼¾:½Ä¾]ÐÄÎ:½¾]ÉãÃÎ:¾:½)Ð/ÅEÄ
a(2)
ÓÛÁ1D·Ñ@ËK1ÒÄ¾ !*ﬀ"!y×1ﬀ $M¾]Ã{Ã¾½{ÒÄ D=ÅYÁ:¾#¾:½{ÃÊ¿Î:Á:ÀYÒÐoÎ:¾
¾]É½{Ë 0 VÀYÉ¼¾:½ÀÆ=Ç_ÀYÄ¿3Ä¾¿¾:½Ì1ÅEÆ~¾]ÒÄ½)ÐÄÀYÐÄ¾:½¾:½{ÃÁ:ÀYÉ¼½ÃÅEÉãÃﬁﬀNýIËùÆ~¾:½)ÌYÅEÆ~¾]ÒÄ½ÐÄÀYÐÄ¾:½½ÀYÉIÃÃ{Ä{Ë~Î:¾:½
¿¼ÅEÉ¼½*Æ=Ç_ÀYÄ¿3Ä¾ö¿Î:Á]ÄÀYË~½½ÅEÉãÃﬁ@ËAﬀ_¾Iﬀ
a1 > a2 > a3
wÅEÆ~ÀYÄ½#Æ=Ç_¾]É¼½¾]ßÕÆ~¾ö¿¾:½ D<ÅEÕÄ{Ë IÒ¼¾:½*¾:½ÃÄ¾]ÐÄÎ:½¾]ÉIÃÎ











i = 1, 2, 3
×1ﬀ
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ﬀ É 1 D=ÅEÕÄ{Ë ãÒ¼¾ÊË~½ÀYÃ{ÄÀYÐo¾)ÀYÒ Ã{Ä{ËèÅJ03ËèÅEÆ~¾þ
a1 = a2 =
a3 = 1/3
ÓÛÁ1DÑ@ËK1ÒÄ¾ !*ﬀ  YÁg× /¾]É:	





i (i = 1, 2, 3)
D=ÅEÕÄ{Ë IÒ¼¾	ÐÆèÅEÉ¼¾	Ë~½ÀYÃ{ÄÀYÐ6¾	ÀYÒ ÕËèÅJ0ÂËèÅEÆ~¾*¿¼ÅEÉ¼½Æ~¾ÐÆèÅEÉ
(k, j) (k 6= j 6= i) ÓÛÁ1D
Ñ@ËK1ÒÄ¾ !*ﬀ  EÕ ×1ﬀ




i (i = 1, 2, 3)
¿¾ÆèÅÑ@ËK1ÒÄ¾)!*ﬀ"!*ﬀF$MÀYßß¾ËÍÆÍÆÍÒ¼½{Ã{ÄÎÐ/ÅEÄ ÆèÅ
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PÊÀYÒ¼½ÚßÀYÉIÃ{Ä¾]ÄÀYÉ¼½@ÅEÒ#$·¹/ÅEÐËÍÃ{Ä¾ $ ãÒ¼¾UÆ=Ç 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½ÀYÆÍÒÃ{Ë~ÀYÉ#ÅEÉ/ÅEÆKIÃ{Ë IÒ¼¾U¿¾
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k1 ≤ k2 ≤ k3 Ðo¾]Ä{ß¾]Ã)¿¾	Ä¾]ÐÄÎ:½¾]ÉIÃ¾]ÄÊÃÀYÒÃ¾:½Æ~¾:½ED=ÅEÕÄ{Ë IÒ¼¾:½!IÒ¼¾	Æ=Ç_ÀYÉêÐ6¾]ÒÃ¿Î:Á]Ä{ËÍÄ¾#ÅVÌy¾:ÁÆ=Ç ü)Ñ
Ð/ÅEÄÅEßÎ]Ã{ÄÎ:¾°Ó !*ﬀ y×1ﬀ $M¾]Ã{Ã¾ VÀYÉ¼¾¾:½{Ã¿3Ë~½Á]ÄÎ]Ã{Ë~½Î:¾ÅVÌy¾:ÁqÒÉ¼¾ 1Ä{ËÍÆÍÆ~¾qÄÎ1ÒÆÍË~»]Ä¾¾]Ã¾]ÉÁ¹/Å&IÒ¼¾qÐ6ÀYËÍÉIÃ
ÀYÉÁVÅEÆ~Á]ÒÆ~¾IÚ¾]ÉÒÃ{ËÍÆÍË~½ÅEÉIÃÓ !*ﬀ"$y×¾]ÃÓ !*ﬀÍÖ-,1×1oÆ~¾:½)Ã¾]É¼½¾]ÒÄ½¿ÚÇ_ÀYÄ{Ë~¾]ÉãÃÅEÃ{Ë~ÀYÉ,¿ÚÇ_ÀYÄ¿3Ä¾D  ¾]Ã;
a(n)ODF
(n = 2, 4)
UÁ:ÀYÄ{Ä¾:½{ÐoÀYÉ¼¿¼ÅEÉãÃ 








Cji (i = 1, 2, 3; j = 1, 2, · · · , 6)
Ð6ÀYÒÄ#ÆèÅQD<¾]Ä{ß¾]Ã{ÒÄ¾GﬃÑ Ó ! ﬀ"! ,1×½ÀYÉIÃÅEÆ~ÀYÄ½
ÀYÕÃ¾]ÉIÒ¼½¾]ÉßËÍÉËÍßË~½GÅEÉãÃ





(4) = a(4)ODF − a(4)ORF ﬀLNÅßËÍÉËÍßË~½ÅEÃ{Ë~ÀYÉ¥¾:½{Ã#D<ÅEËÍÃ¾ Ð/ÅEÄ#ÒÉ¼¾ßÎ]Ã{¹¼ÀÂ¿¾q¿¾1ÄÅY¿3Ë~¾]ÉIÃ
Á:ÀYÉ&-8Ò81Ò¼ÎIﬀ8¤¾:½Á:ÀÂ¾  Á]Ë~¾]ÉãÃ½ÅEËÍÉ¼½Ë¤ÀYÕÃ¾]ÉãÒ¼½½ÀYÉIÃ¿ÀYÉÉ¼Î:½¾]É+ÉÉ¼¾10¾T$Gﬀ*¤¾:½Á:ÀI¾  Á]Ë~¾]ÉIÃ½ÀYÕÃ¾]ÉIÒ¼½
¾]ÉßËÍÉËÍßË~½ÅEÉãÃÓ !*ﬀ"!/.y×Ú½ÀYÉIÃ¤ÐÄÀÂÁ¹¼¾:½@¿¾Á:¾]Ò*0	¿ÀYÉÉ¼Î:½¤Ð/ÅEÄ@$·ËÍÉãÃ{ÄÅ¾]Ã@¸¤Ò¼ÁH4y¾]Ä   NÓ8Ö#/#/$y×1gßÅEË~½NÉ¼ÀYÒ¼½
ßÀYÉIÃ{Ä¾]ÄÀYÉ¼½#ÅEÒ$·¹/ÅEÐËÍÃ{Ä¾ $ ãÒ¤Ç ËÍÆ~½Á:ÀYÉ¼¿3ÒË~½¾]ÉãÃ.
q¿¾:½	½ÀYÆÍÒÃ{Ë~ÀYÉ¼½	¿3Ë 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ÀYÕÃ¾]ÉIÒ¼¾:½
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ÊÐÃ{ËÍßÅEÆO=¼Ã{Ã{ËÍÉ8I×ÓA$·¹IÒÉ8¾]Ã ?6MÀYÉ2  y×	½ÀYÉIÃ
Õ/ÅY½Î:¾:½½{ÒÄÊÆ~¾	ß3']ß¾	ÐÄ{ËÍÉ¼Á]ËÍÐo¾*ßÅEË~½Æ=Ç_ÎIÒ/ÅEÃ{Ë~ÀYÉê¿¾Õ/ÅY½¾¿¾*Á:¾:½ED<¾]Ä{ß¾]Ã{ÒÄ¾:½¾:½Ã¿ÀYÉÉ¼Î:¾*¿¼ÅEÉ¼½ÊÆ~¾
Ä¾]Ðo»]Ä¾¿¾ÄÎ1DÛÎ]Ä¾]É¼Á:¾Iﬀ<UÇCÅVÌYÅEÉIÃÅy¾öÐ/ÅEÄÄÅEÐÐoÀYÄ{ÃÅEÒ*0 D<¾]Ä{ß¾]Ã{ÒÄ¾:½.>VÑ ¾:½{Ã#IÒ¤Ç_¾]ÆÍÆ~¾:½#½ÀYÉãÃ#ÐÆÍÒ¼½
¾  ÁVÅYÁ:¾:½*ÉãÒßÎ]Ä{Ë IÒ¼¾]ß¾]ÉãÃÐÒË~½HãÒ¤Ç_¾]ÆÍÆ~¾:½*É¼¾É¼Î:Á:¾:½½ËÍÃ¾]ÉãÃ#Ð/ÅY½*¿¾Ð/ÅY½½¾]Ä*¿3ÒÄ¾]Ð6»]Ä¾ ¿¾ÄÎ1D<Î]Ä¾]É¼Á:¾
ÅEÒÄ¾]Ðo»]Ä¾	¿ÚÇ_ÀYÄ{Ã{¹¼ÀYÃ{ÄÀYÐË~¾Iﬀ






a(4) =β1S(I ⊗ I) + β2S(I ⊗ a(2)) + β3S(a(2) ⊗ a(2)) + β4S(I ⊗ a(2).a(2))
β5S(a








(Tijkl + Tjikl + Tijlk + Tjilk + Tklij + Tlkij + Tklij + Tlkji
+ Tikjl + Tkijl + Tiklj + Tkilj + Tjlik + Tljik + Tjlki + Tljki
+ Tiljk + Tlijk + Tilkj + Tlikj + Tjkil + Tkjil + Tjkli + Tkjli)
ﬀ
Ó !*ﬀ  y×
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ýIÒÄºÆ~¾:½º½{Ë 0 Á:ÀÂ¾  Á]Ë~¾]ÉãÃ½
βi
3½¾]ÒÆ~½MÃ{ÄÀYË~½½ÀYÉIÃºËÍÉ¼¿Î]Ð6¾]É¼¿¼ÅEÉIÃ½ﬁﬀ SÆoÉ¤Ç  Å*Ð/ÅY½ﬁ*
*ÐÄ{Ë~ÀYÄ{ËA3¿¾ÊÄÅEË~½ÀYÉ
¿¾ÐÄ{ËÍÌÂËÍÆ~Î1Ë~¾]ÄqÁ:¾]Ä{ÃÅEËÍÉ¼½ Á:ÀÂ¾  Á]Ë~¾]ÉãÃ½öÐÆÍÒÃ YÃ ãÒ¼¾¿ÚÇCÅEÒÃ{Ä¾:½WﬀOM@ÀYÒÄ ¿¾:½ ÄÅEË~½ÀYÉ¼½ö¿¾Á:ÀYÉãÌy¾]Ä/y¾]É¼Á:¾
Æ~ÀYÄ½·¿¾ÆèÅÐÄÀÂÁ:Î:¿3ÒÄ¾¿ÚÇ Ë~¿¾]ÉãÃ{Ë =/ÁVÅEÃ{Ë~ÀYÉ¿¾:½Á:ÀÂ¾  Á]Ë~¾]ÉãÃ½W8$·¹IÒÉ8#¾]Ã ?6MÀYÉÓ  y×UÄ¾:Á:ÀYßßÅEÉ¼¿¾]ÉãÃ























































































































i II + C
3
i II
2 + C4i III + C
5
i III




+ C8i II III
2 + C9i II
3 + C10i III
3 + C11i II
3III + C12i II
2III2
+ C13i II III
3 + C14i II
4 +C15i III
4 + C16i II
4III + C17i II
3III2
+ C18i II
2III3 + C19i II III
4 + C20i II
5 + C21i III
5 (i = 3, 4, 6)
ﬀ












U(Cji ) = ∆
(4) :: ∆(4)
 Ó !*ﬀ 	$y×
   
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(4) = a(4)ODF − a(4)IBOF  a(4)ODF ¾:½{ÃÁVÅEÆ~Á]ÒÆ~ÎÅ:Ìy¾:Á°Ó !*ﬀ y×*¾]Ã a(4)IBOF ¾:½{ÃÆ~¾
Ã¾]É¼½¾]ÒÄ·¿ÚÇ_ÀYÄ{Ë~¾]ÉãÃÅEÃ{Ë~ÀYÉ¿ÚÇ_ÀYÄ¿3Ä¾ *ÁVÅEÆ~Á]ÒÆ~Î)Å:Ìy¾:ÁÆèÅD<¾]Ä{ß¾]Ã{ÒÄ¾ ?VÑÓ !*ﬀ"!/#y×1I½{ÒÄÃÀYÒÃ·Æ=Ç_¾:½{Ð/ÅYÁ:¾Ê¿¾:½





½ÀYÉãÃÐo¾]Ò ¿3Ë ÚÎ]Ä¾]ÉãÃ½¿¾	Á:¾]Ò*0¿ÀYÉÉ¼Î:½Ð/ÅEÄG$·¹IÒÉ8 ¾]Ã?6·ÀYÉ
Ó  y×1ﬀ
$MÀYßß¾ÆèÅ,D<¾]Ä{ß¾]Ã{ÒÄ¾ ?VÑ$É¼¾É¼Î:Á:¾:½½ËÍÃ¾Ð/ÅY½¿¾ Ð/ÅY½½¾]Ä¿3ÒÄ¾]Ð6»]Ä¾ ÐÄÀYÐÄ¾ ¿¾
a(2)
ÅEÒ
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Á:ÀYÉ¼½{Ã{Ä{Ò¼Á]Ã{Ë~ÀYÉ¿¾FD=ÅEÕÄ{Ë ãÒ¼¾:½¿3Ë~½Á]Ä»]Ã¾:½
ÅﬁãÅEÉãÃ ]¾10¼ÅYÁ]Ã¾]ß¾]ÉãÃÆ~¾:½)Ã¾]É¼½¾]ÒÄ½	¿ÚÇ_ÀYÄ{Ë~¾]ÉIÃÅEÃ{Ë~ÀYÉ¿ÚÇ_ÀYÄ¿3Ä¾  ö¾]Ã ;
a(n) 
 




¾:½Ã½¾]ÒÆ~¾]ß¾]ÉãÃÄ¾]ÐÄÎ:½¾]ÉãÃÎ:¾Ð/ÅEÄÆ~¾qÃ¾]É¼½¾]ÒÄ¿ÚÇ_ÀYÄ¿3Ä¾  y×1½ÀYËÍÃÁVÅEÆ~Á]ÒÆ~Î:½Ð/ÅEÄ Ó !*ﬀÍÖTy×¾]É¥ÒÃ{ËÍÆÍË~½ÅEÉIÃ






{kc} ã¾]ÃMÅãÅEÉãÃMÃÀYÒ¼½UÒÉ¼¾ß3']ß¾EDÛÄÅYÁ]Ã{Ë~ÀYÉÌyÀYÆÍÒßË IÒ¼¾ fk = 1/Ng  k = 1, .., Ng ﬀ ÊÉÉ¼ÀYÃ¾ a(n)    
(n = 2, 4)
Æ~¾:½Ã¾]É¼½¾]ÒÄ½¿ÚÇ_ÀYÄ{Ë~¾]ÉãÃÅEÃ{Ë~ÀYÉ¿¾ÆèÅ.D<ÅEÕÄ{Ë IÒ¼¾¿3Ë~½Á]Ä»]Ã¾*ÁVÅEÆ~Á]ÒÆ~Î:½Ð/ÅEÄ#Ó !*ﬀÍÖTy×¾]É ÒÃ{ËÍÆÍË~½GÅEÉãÃ
Ó !*ﬀÍÖg×1ﬀBNÅND=ÅEÕÄ{Ë ãÒ¼¾¿3Ë~½Á]Ä»]Ã¾I ÅY½½ÀÂÁ]Ë~Î:¾	ÅEÒ*0qÃ¾]É¼½¾]ÒÄ½
a(n) 
 
(n = 2, 4)
¿Î:½{ËÍÄÎ:½W3ßËÍÉËÍßË~½¾
U(1c, 2c, · · · ,Ngc) = ∆(2) : ∆(2) + ∆(4) :: ∆(4)  Ó !*ﬀ  y×
À23Ë~Á]ËA
∆
(n) = a(n) 	
 
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Ã{Ä»:½Á:ÀYÉ¼Á:¾]ÉIÃ{ÄÎ:¾:½ﬁﬀ
 
ñ ﬃNäßùâóçVúJï  














10−3 < k1 < k2 < k3


















−2  Ng = 900
×¾]ÃÓ
k1 = 1.10






−3  k2 = 2.10
−1  k3 = 5.10
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MwÀYÒÄÒÉ¼¾ D=ÅEÕÄ{Ë IÒ¼¾qË~½ÀYÃ{ÄÀYÐ6¾IUÅJ=¼É¿¾½GÅEÃ{Ë~½ D<ÅEËÍÄ¾öÆ~¾:½ÎIÒ/ÅEÃ{Ë~ÀYÉ¼½ Ó !*ﬀ  /#y×#¾]Ã Ó !*ﬀ"!y×1UÀYÉ¥Ðo¾]ÒÃ
ßÀYÉIÃ{Ä¾]Ä!IÒ¼¾)Æ~¾)É¼ÀYßÕÄ¾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c1 = (a, b, a)

c2 = (a, a, b)
¾]Ã
















¾]É¥ÐÄ¾]É/ÅEÉIÃÆ~¾:½Ã{ÄÀYË~½Ìy¾:Á]Ã¾]ÒÄ½ ½/ÂßÎ]Ã{Ä{Ë ãÒ¼¾:½¿¾:½Ã{ÄÀYË~½ÐÄ¾]ßË~¾]Ä½Ó !*ﬀ ,1×*Ð/ÅEÄÄÅEÐÐoÀYÄ{ÃÅEÒ¥ÐÆèÅEÉ
(e1, e3)



















6ÅJ=¼Éê¿¾*½ÅEÃ{Ë~½ D=ÅEËÍÄ¾Æ~¾:½ÊÎIÒ/ÅEÃ{Ë~ÀYÉ¼½Ó !*ﬀ   ,1×
¾]Ã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c1 = (1, 0, 0)
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c4 = (−√2/2,√2/2, 0)
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ü)Ñ¥Ð/ÅEÄÅEßÎ]Ã{ÄÎ:¾#¾:½{ÃÄ¾:½{Ã{Ä{Ë~Á]Ã{ËÍÌy¾I6ÅEÒ½¾]É¼½Àê¾]ÆÍÆ~¾É¼¾	Ðo¾]Ä )















#Ð/ÅEÄ{Ã{ËÍÄ¿¾ Ó !*ﬀ  y×)þ
{
J30(k1, k2)− a 	   1 − a    2 = 0
J32(k1, k2)− a 	   2 = 0
 Ó !*ﬀ 	#y×
  ñ ﬃNäßùâóçVúJï  
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S¯ : D¯ = φ¯(1)(η¯0, η¯i, D¯)
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(r = 1, 2, 3)
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a1 < a2 < a3
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(k = 1, 2)
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D¯11 = −D¯22 > 0 ﬀ
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c = 2009 g
x ±jf −1 xih −1 MPO k = 2.1 j
x ] −1 xih −1 F[o_Y[S_OR`NMNJ
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(S¯ij + pδij)Φi,j dV = −
∮
∂V












































































































































































Y[¼ ∇⊥ = (∂./∂x1, ∂./∂x2, 0)
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T = −10◦ w JRY[HjODS_UQVWJRMNJ7`PfaFIbWMNJnY B1(−10◦
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) = 0.1











T = −10◦ w x

































































































Gf = −k∂T/∂nB _Y[¼ nB MNJQObqF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+ 2.143ξ − 5.607ξ2 + 7.669ξ3 − 3.602ξ4
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n = 3 B3 = 52.916
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D = α1S + α2 tr(M 3.S)M
D
3 + α3(S.M3 + M3.S)
D  ´ 6?xw·¹¸
Y[¼










(1− β) x ´ 6\x»ºg¸
MHpZ_OQVwbwVWJ2FIHjODbWMNJURMPbqFIOQVWY[HKJ7fg`PHK`PU2FIbWMNJ
tr(M 3) = 1, M
D
3 = M3 −
1
3











tr(M 3.S) = tr(S.M 3), M 3.S.M 3 = tr(M 3.S)M 3

(S.M3 + M3.S)









M3.D = α1M3.S +
2
3
α2 tr(M3.S)M3 + α3
(
tr(M3.S)M3 + M3.S −
2
3
α2 tr(M 3.S)M 3
)
= (α1 + α3)M3.S +
1
3




D.M3 = α1S.M3 +
2
3
α2 tr(M3.S)M3 + α3
(





= (α1 + α3)S.M3 +
1
3





























FIbWY[URJDMPH¦Z_OQVwbwVWJ2FIHaO\´ 6?xSFg¸´ 6?x Ãj¸½MPO\´ 6?x»µg¸_HKY[ZKJDY[_ORMPHKY[HKJ
(D.M3 + M3.D)























tr(M 3.S) = tr(S.M 3) =
3






(S.M 3 + M3.S)
D o_Y[H_HK`S9FIU´ 6\x»Æg¸´ MPO
´ 6?xw·|Åg¸Q¸½oKFIHKJDbmln`NcjZ9FIOQVWY[H ´ 6?xw·¹¸_HKY[ZKJDY[_ORMPHKY[HKJ
α1S = D +
2α3(2α2 + α3)− 3α2(α1 + α3)
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¿ Å5xw·}y}eµy}eµeÅ,HyH[¿eÅ,Hd}y}yF_M  GÅIÃ h2x»¿eÅeºy}eµyFyFeµIÃaÆ5·|µyFeµy} M  GÅe¿ Å5xw·$H[¿eÆeÅy}eºIÃK·|ºe¿yF5·|Æy}_M  GÅIÃ
Ã h2x»º,H[ºeÆIÃK·$H[ºIÃPF,Hd}yF5·|¿kM  GÅe¿ h2xw·|Æy}yFeµeÆIÃK·|µeµeÅ,H[ÅeºeÆ M  GÅeº h2xw·|ÆyFyFeµeµ5·|Æ,H·e·|ÅIÃaµ5· M  GÅe¿
F Å5x ÃK·$H·PÃP}IÃaÆe¿eµIÃaº5·|ÆyF_M  GÅe¿ h2x ÃaµeÅe¿eÅeµ,HdFeÅeÆ5·e·|µIÃaÅ M  GÅeº h2xw·|¿y}eÅ5·|ºeÆIÃa¿e¿e¿eÆeµ5·e· M  GÅe¿
µ Å5xw·FeºeÅe¿y}5·}eºeºIÃK·e·|Æeµ_M  GÅIÃ Å5x»º,H[Åy}eºyF,H·|Åe¿eº5·|ºy}5· M  GÅ5· Å5xSFeºe¿eµeºeÆy}eÆeº,H·FeÅyFeÅ_M  GÅe¿
H h2xw·|¿,H[µIÃa¿y}yFeºeÆeÆeº,H[Åy}kM  GÅIÃ Å5xw·}IÃPF5·|ÅeµeÆyFeµeÅ5·PÃaÅIÃ M  GÅe¿ Å5xS}yFeÆeºeµeµIÃPF5·$H[¿eµe¿,H[Æ_M  GÅe¿
} h2x»µeºy}y}eÆyFy}yF,HdFyFeµe¿eÆyFkM  GÅe¿ Å5xw·FeµyFe¿,HÃaºIÃaµeºeÅeÅeµ5· M  GÅe¿ h2xS}eÅyFeµeÅeµIÃH·|Æ,H[Æ,H[¿eÅ M  GÅeº
Æ h2xSFeºeµeÅy}5·|ÅeÅ,HyH·e·|ÆeÆeµkM  GÅIÃ Å5xw·|ÆeÅeµ5·|¿5·|¿5·e·|µy}eÆy}eÅ_M  GÅIÃ h2x Ãaµy},H·e·e·}eÅyFeµeÅyFeÆeÆ M  GÅIÃ
·|Å h2x»ºeµeµeÅeÆeµeºe¿IÃaÆy}IÃaÅ5·$H1M  GÅe¿ Å5x»º,HyH[ÅeÅeµyFyFeÅIÃaµeÅy}yFeÅ_M  GÅe¿ Å5xS}y}eÆyFy}eÅ,H[µeÅy}eºeÆeÅeµeµ_M  GÅ5·
·e· h2xw·|Æeµeº,Hd}eÅeÆy}eº5·|µeÆyFe¿kM  GÅIÃ h2xSFeµy}5·e·$H[ÅyFyF5·|Æy}eµeÅy} M  GÅeº h2xvHd}eºeÆeÆIÃK·Fy}eÅyFIÃP}y}5· M  GÅeº
·|º h2xSFeÅyFeºeµeµeÆeµe¿IÃeÃaÆy}5·|ÆkM  GÅe¿ Å5x Ãaºy}eÆeº5·FIÃaµ,Hd}e¿IÃaµ,HkM  GÅe¿ h2x Ãa¿,H[º5·PÃPFy}eÅeÅy}eÆ5·e·$H_M  GÅeº
·|¿ h2xw·e·|ÅIÃP}e¿eÅIÃK·|Æeºy}yFIÃH1M  GÅe¿ Å5xw·PÃaºIÃaÆIÃaÆIÃPFIÃaÅIÃa¿IÃK· M  GÅe¿ Å5xw·e·|ºeÆeÆeµe¿y}eµeÅIÃH[µeºe¿_M  GÅ5·
·PÃ Å5x Ãa¿eÅIÃP}y}5·|Æe¿,HdFy},Hd}eµ_M  GÅIÃ h2xSFIÃK·|ÆIÃPFeºeºy}IÃP}eÆy}y}5· M  GÅIÃ Å5x ÃaÅ5·$HÃaµIÃK·|µeºeµeºeÆe¿eµ_M  GÅIÃ
·F h2xw·|¿eÆ5·|Æ,H[Æ,H[ÅIÃeÃaºIÃH[ÅkM  GÅeº Å5x»ºe¿e¿e¿yF5·}eÆy}eÆ5·|º,H[µy}_M  GÅeº Å5xw·|ÅIÃaÆeº,HyHd}eÆeÆ5·}e¿eºeÅ_M  GÅ5·
·|µ h2xw·PÃeÃa¿yF5·$Hd}5·|ÆeºeºeÅ5·|¿kM  GÅIÃ Å5xw·|ÅIÃK·}e¿eº5·}eµyFIÃaµ,H· M  GÅIÃ h2xw·|¿eÆe¿IÃaÅ5·FIÃaºy}y},H·e· M  GÅe¿
·$H h2x»ºeµyF,H[Å5·|¿eÅ5·$HyH[¿eºIÃaÆkM  GÅe¿ Å5x»¿e¿5·PÃP}eÆIÃK·|ºy}IÃeÃaµeµ,HkM  GÅe¿ h2xw·$H[ÅeÆeÆyFeÆIÃP}eÅ5·FeÆyF5· M  GÅeº
·} h2x Ãaºy}y}eº5·|µeÆeÆ5·|¿eÆeº5·|ÅkM  GÅeº Å5x»µeµeÅeÅeÅeº5·FIÃaºeÅeÆeÆeÆ5· M  GÅeº Å5xSFIÃPF,Hd}IÃH·|µ,Hd}e¿eÆeÅeº_M  GÅeÅ
·|Æ h2x ÃeÃa¿eºe¿eµeµyFeµeµeÆe¿eÆeÆ5·M  GÅ5· Å5x»ÆeÆ,HdFeÅeÅ,HyH[ÅyFeº5·},HyHkM  GÅ5· Å5x»Æ,H·e·|ºeµ,H[µ,HdFy}5·F5·$HkM  GÅeÅ
ºeÅ Å5x»¿eÅeÆ,HÃaºe¿IÃaÅeºeÅe¿eºeÅeÅ_M  GÅIÃ Å5xSFeµeÅyFeÅy}eµeºy}IÃH[ºIÃP}eµ_M  GÅIÃ Å5xw·PÃK·|ÆeÅeÆyF5·|ºeÆeµ,Hd}y}eº_M  GÅIÃ
º5· Å5x»¿y}eµIÃH[¿eÆ5·|ºeºeÆyF5·e·|¿_M  GÅeÅ Å5x»ºeÅeÆeÆeÅeÆeºeºyFeÆeÆeÅ,HdFeµ_M  GÅ5· Å5x»ÆeÆIÃK·PÃaºy}eÆeºeµeºy}IÃK·|Å_M  GÅeÅ
































M¯ i (i = 1, 2, 3)
´ KzYMPv_bWMPU|z·|Æy},He¸?oKFIHKJbWMtL|F[JXY[UQOQvKY[OQURY[SrM´ M¨cJ|x
´ÄÃKx»µg¸MPO	´ÄÃKxw·Fg¸Q¸




















MNLPORMPZ_URJ{o_MG9F[JRM	o_M {oR} MPO er bWMNJ i MNLPORMPZ_URJ7o_M=9F[JRM=o_M {R}  Ge"^eq
e1 =(1, 0, 0)
T 
e2 =(0, 1, 0)
T 












(2) + a(2).D¯ ) + µ3(a
(2): D¯)I
)
 ´ Ex Ãj¸
Y[¼












D x ´ Ex»µg¸
ºeÅ5·
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tr(M rD¯) = tr(D¯) = 0
 ´ Exw·|ºg¸
MPODMPHpURMP]dFIURcjZ9FIHaO¾caZKM
MpD¯M q + M qD¯Mp =− D¯ + (M pD¯ + D¯Mp) + (M qD¯ + D¯M q)−
tr(M pD¯)(M p + M r)− tr(M qD¯)(M q + M r) 
´ Exw·|¿g¸
Y[¼
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FIUQVqFIHaO*o_MNJ














































































































4γ − 1 − 1) tr(M 3.S)M
D

















4γ − 1 − 1)a






E=FIHKJ\bWMuL|F[J?Y[UQOQvKY[OQURY[S;Mebmln`NcjZ9FIOQVWY[H ´ M{xSFg¸SrMPZ_O\J2Md]TMPOQOQURMtJRY[ZKJ\bqF D¶Y[UQ]TMs´ MDx»¿g¸xﬁAMuU2FIS_SrY[UQO





















MNLdbWMXLNY[]XS;Y[UQORMP]TMPHjO\o5Z feU2FIVwHª´ MDx Ãj¸GHAl»FI;Y[Z_OQVwU2FIVwO\S9F[JNY
Z_HKMGbWY[VA]dF[LPURYeJ2LNY[S_VWcaZKM\o_MGbqF D Y[UQ]TMT´ M{x»¿g¸x




















































4γ − 1 − 1
MPO
















































































































































































(168γ2 − 16γ + 23)β2 + (168γ2 − 16γ − 4)β + 8(4γ − 1)2
35(4γ − 1)2
´ MDxw·PÃj¸
 66 _%ﬂ%  z    !_-'%'3ﬃ"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 %'ﬁP5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Á7H URMP]dFIURcjZKMscjZKM¦bWMNJuSrY[ORMPHaOQVWMPbWJ´ MDxw·|ºg¸uMPO´ M{x»Æg¸dY[HjOubqF*]1~P]TM4D Y[UQ]TMtY S9FIUQOtZ_H
a(8)
cjZ_VJRMtOQU2FIHKJ?D Y[UQ]TMMPH
a(4) ⊗ a(4)  a(4) cjZ_VJRMkOQU2FIHKJ?D¶Y[UQ]TMMPH a(2) ⊗ a(2) MPOXZ_H a(6) cjZ_V
JRMOQU2FIHKJ?D Y[UQ]TM?MPH
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= I − c⊗ c x ´ zx Ãj¸
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c˙ = I.c˙ = I .(−L¯T .c + (cT .L¯T .c)c)






















=− (eTθ .L¯T .c)
∂f
∂θ



























































)  ´ zxw·|¿g¸
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= −eTϕ .L¯T .eϕ + cT .L¯T .c
x ´ zxw·$He¸
M¨HpUR`PZ_OQVwbwVWJ2FIHaO´ zx»Æg¸½MPO{MPHURMP]dFIURcaZ9FIHjO7cjZKM

































































































f c˙kcicjck dc = 0
x ´ ½x»º5·¹¸
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aijkk = aij − aijll − aijmm (i, j, k, l,m = 1, 2, 3
o




κ1 = 2(C¯11 − C¯33)  κ2 = 2(C¯22 − C¯33)  κ3 = −3C¯33 







f1 =2(W¯12a12 − W¯31a31)+
2(C¯12(2a1112 − a12) + C¯31(2a1113 − a31)+
a1111C¯11 + a1122C¯22 − (a1111 + a1122)C¯33 + 2a1123C¯23) 
f2 =2(−W¯12a12 − W¯23a23)+
2(C¯12(2a2212 − a12) + C¯23(2a2223 − a23)+
a2211C¯11 + a2222C¯22 − (a2211 + a2222)C¯33 + 2a2231C¯31) 
f3 =W¯12(a22 − a11)− W¯31a23 + W¯23a31+
C¯12(4a1122 − (a11 + a22)) + C¯13(4a1213 − a23) + C¯23(4a1223 − a13)+
2(a1211C¯11 + a1222C¯22 − (a1211 + a1222)C¯33) 
f4 =W¯23(a33 − a22) + W¯31a12 − W¯12a31+
C¯12(4a1223 − a31) + C¯23(3a22 − a33 − 4(a2222 + a1122)) + C¯31(3a12 − 4(a1211 + a1222))+
2(a2311C¯11 + a2322C¯22 − (a2311 + a2322)C¯33) 
f5 =W¯31(a11 − a33) + W¯12a23 − W¯23a12+
C¯12(4a1312 − a23) + C¯31(3a11 − a33 − 4(a1111 + a1122)) + C¯23(4a1323 + a12)+










x½­xw{À¾Z_VWo5Vm l xwzFIHKo,Á7H9FIO|ZMDx m=x=´ ·|ÆeÆeºg¸x ÀGURY[Z_S OQvKMNY[U 1 FIHKo
URMPS_URMNJ2MPHaO2FIOQVWY[HY D?]XVWLPURYeJQOQUQZKLPOQZ_URM FIHKo ]TMNLRv9FIH_VWL|FIb?;MPv9F
i
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MDx5E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